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Abstract: 
We have studied the Tamm-type surface state of La(0001) by tunneling spectroscopy within a wide 
range of tunneling currents from 0.1 nA to 8000 nA, thereby tuning the electric-field strength in 
a tip-vacuum-sample tunnel junction. We observe a significant shift of the unoccupied Tamm-
type surface state toward the Fermi energy with increasing electric-field strength, accompanied 
by a broadening of the width of the resonance peak indicating a decrease of the surface-state 
lifetime. Our experimental results are contrary to previous reports for Stark-shifted Shockley-
type surface states of noble metal (111) surfaces.  
 
1. Introduction 
In scanning tunneling microscopy/spectroscopy (STM/S), a significant electric field is present between 
the STM tip and the sample surface, which can cause a Stark shift of the electronic states observed in 
the tunneling spectra. The Stark effect is well known in semiconductor physics, where it is utilized to 
tune electronic states, for example shifting excitons in layered quantum wells (quantum confined Stark 
effect) [1] and quantum dots [2], as well as optical excitation lines of single defects in diamond [3]. 
When performing STM/S experiments on metal surfaces with relatively low tunneling currents (0.1 – 
10 nA), the Stark effect is often regarded as negligible concerning its influence on the spectroscopic 
measurements. However, Limot et al. [4] and Kröger et al. [5] have reported a Stark shift of occupied 
Shockley-type surface states of Ag(111), Au(111) and Cu(111) as a general feature in STS 
measurements. Shockley surface states [6] are derived from s- and p-electronic bands in the gap of the 
bulk band structure. In contrast to the noble metal (111) surfaces, rare earth metal (0001) surfaces are 
known to exhibit Tamm-type surface states [7] originating from d-band electrons. They have been 
investigated previously by spin-averaged and spin-resolved STS [8-11] using conventional tunneling 
parameters. Here, we report on a tunneling spectroscopy study of the unoccupied Tamm-type surface 
state of La(0001) performed within a wide range of tunneling currents. Since the electric field direction 
changes when performing STM/S measurements with positive sample bias, thereby probing electronic 
states with energies E > EF, our investigation provides complementary information about the surface 
state’s Stark shifting behavior compared to previous STM/S studies of occupied surface states. Recently, 
there has been an increasing interest in lanthanum as elemental superconductor [12,13], and due to the 
exceptional superconducting properties of La-hydrides [14,15], which motivated the current research of 
its electronic states. To the best of our knowledge, there have been no previous studies of the Stark effect 
for unoccupied electronic states of metal surfaces. A fundamental question, which arises in this context 
is whether unoccupied electronic states will be affected similarly as occupied electronic states by the 
presence of a strong electric field being reversed regarding its direction. Moreover, the lifetime of 
surface states under the influence of a local electric field is an interesting topic, which has not been 
addressed so far due to the absence of experimental signatures. Theoretically, a linear increase of the 
decay rate as a function of Stark-shifted energy due to electron-electron or electron-phonon interactions 
at the bottom of the surface-state band as well as for image potential states just above the surface was 
predicted based on many-body calculations [16, 17]. For the (111) surfaces of noble metals, however, 
the influence of the local electric field on the lifetime of the surface states was found to be negligible in 
STM experiments [4, 5], in stark contrast to the case of the image potential states [4, 16, 17].  
In the present study, we monitored the influences of the local electric field on the Tamm-type surface 
state of La(0001) in local tunneling spectra by varying the set-point tunneling current from 0.1 pA to 
8.0 A in an STM junction. By reducing the tip-surface distance, i.e. increasing the local electric field, 
we reveal a significant energy shift of the Tamm-type surface state toward the Fermi energy as well as 
a sizable increase of the surface-state lifetime based on the analysis of the line-shape in the tunneling 
spectra. We attribute these observations to a significant Stark effect on the unoccupied Tamm-type 
surface state of La(0001) under the influence of a local electric field, including electric field-driven 
modifications of the electron-electron or electron-phonon interactions at this surface. Our study 
therefore provides strong experimental evidence for a remarkable influence of the electric field on the 
efficiency of inelastic scattering channels on the La(0001) surface. 
 
2. Experimental details 
The experiments were performed using a low-temperature STM system (USM 1300, Unisoku, Japan) 
in an ultra-high vacuum (UHV) environment at a temperature of 1.7 K. A La(0001) film of >50 nm 
thickness was obtained by evaporating Lanthanum onto a clean Re(0001) substrate with subsequent 
annealing at 700 °C for 15 minutes. Tunneling spectroscopy measurements were performed using a PtIr 
tip coated with La to avoid material ambiguity. A lock-in technique with open feedback loop has been 
applied for the spectroscopic measurements using a modulation voltage of 3 mV and a frequency of 
1.175 kHz. After fixing the spatial position of the STM tip on a defect-free region of the La(0001) 
surface, we measured the differential tunneling conductance dI/dV by sweeping the sample bias at given 
stabilization tunneling conditions (tunneling current, IT  and sample bias, VS). Different tunneling 
currents lead to a different distance between tip and sample, thereby changing the electric field strength 
in the vacuum tunnel junction. Since the dI/dV spectra directly reflect the local density of states (LDOS) 
of the surface, the influence of the local electric field on the surface electronic states was studied by 
collecting tunneling spectra dI/dV(V) as a function of the tunneling current IT. 
 
3. Results and discussion 
Fig. 1 illustrates the principle of our distance-dependent vacuum tunneling experiments. The surface 
state of La(0001) is energetically located above the Fermi energy (EF). Therefore, the applied sample 
bias voltage has to be of positive sign and the electrons have to tunnel from the STM tip into the sample 
(Fig. 1(a)), while the local electric field is pointing in the direction of the STM tip (Fig. 1(b)). By 
increasing the set-point (or stabilization) tunneling current, the tip-sample distance decreases, leading to 
an increasing electric field strength (Fig. 1c).  
Fig. 2(a) shows measured tunneling spectra on La(0001) for four different stabilization values of the  
tunneling current (IT) ranging from 0.1 nA to 8000 nA, while the sample bias voltage was ramped 
between -300 meV and +300 meV. The blue curve in Fig. 2(a) shows the tunneling spectrum dI/dV(V) 
for IT = 0.1 nA. The Tamm-type surface state of La(0001) can be observed at E = 106 meV, in agreement 
with previously published tunneling spectroscopy data [11-13]. The green, orange and red curves show 
the tunneling spectra obtained for IT = 100 nA, 1000 nA, and 8000 nA, respectively. The Tamm-type 
surface state of La(0001) experiences a total shift of 45.9 meV towards lower energy for the tunneling 
current range chosen for this experiment, resulting in a shift of 43.3 % with respect to the peak position 
for IT = 0.1 nA. Near the Fermi energy the superconducting gap of the La sample is visible in all 
tunneling spectra. Changing the tunneling current and therefore the tip-surface distance as well as the 
electric field in the tunnel junction does not induce a detectable energy-shift of the superconducting 
coherence peaks. The dI/dV spectra were normalized to the conductance at E = -200 meV, where the 
dI/dV(V) spectra appear to be nearly constant in order to directly compare the spectral features resulting 
from different tunneling current set-points. 
Fig. 2(b) presents the spectral evolution of the Tamm-type surface state of La(0001) in terms of the peak 
position of the resonance peak (E0, black) and its full width at half maximum (FWHM, red) in 
dependence of the tunneling current. For deriving quantitative values for E0 and the FWHM of 
asymmetric resonance peaks as shown in Fig. 2(a), all tunneling spectra obtained for 
IT = 0.1 nA – 8000 nA have been fitted using a bi-gaussian function: 
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with y0 being the baseline, H the amplitude, xc the center of the peak, w1 (w2) the half-width at half 
maximum (HWHM) for the left (right) half of the peak. We obtained the FWHM by summing w1 and 
w2. Interestingly, in addition to the energy-shift of the surface state peak, we observe a sizable 
broadening of the width as the tunneling current is increased, i.e. by enhancing the electric field strength.  
In general, the width of a surface-state peak originating from the LDOS of the quasiparticles in the 
surface-state band can be approximately attributed to the lifetime of the quasiparticles based on the 
relationship: 𝛤 ∝ 1 𝜏⁄ , where Γ is the FWHM and τ the lifetime of the quasiparticles [11]. A rise in 
FWHM therefore corresponds to a decrease of the surface state’s quasiparticle lifetime. Theoretically, 
the lifetime of the quasiparticle excitation in metallic surface bands can be attributed to the decay rate 
of an excitation, which can be obtained from the expectation value for the imaginary part of the electron 
self-energy [16]. By considering the local electric field in the STM junction, the decay rate of the hole-
like excitation at the bottom of the occupied Shockley surface-state band on Ag(111) has shown a linear 
increase as the surface state is shifted to larger binding energies. To elucidate the dynamics related with 
the Tamm-type surface state of La(0001), we mapped the values of (E0, Γ) for the different tunneling 
currents as shown in Fig. 2(c). We find a clear linear increase of Γ as E0 is Stark-shifted to lower energy. 
Remarkably, the rate of increase is considerably larger with |dΓ/dE0| = 2.14 compared to |dΓ/dE0| = 0.05 
for the Shockley-type surface state of Ag(111) [16]  and |dΓ/dE0| = 0.037 for the Cu(001) n = 1 image 
state [17]. Such a large decay rate of a Tamm-type surface state has not been reported previously.  
It is, however, necessary to consider the possible influence of the proximity of the STM tip, being very 
close to the surface at high tunneling currents, on the surface state lifetime. When an STM junction is 
operated away from the tunneling regime, the spectral line-shape of an electronic state can be modified 
due to the considerable interaction between tip and surface regardless of the presence of a local electric 
field [18]. To evaluate this possibility, we have plotted the dependence of the tunneling current on a 
logarithmic scale as a function of tip displacement for our tunneling spectroscopy measurement on 
La(0001) using a La-coated Pt/Ir-tip. As can be seen clearly from this data, the tunneling current exhibits 
the characteristic exponential dependence on tip-surface distance within the whole range of currents 
from 0.1 nA up to 8000 nA, corresponding to a total tip displacement of 7.3 Å. This observation indicates 
that the STM junction remains in the tunneling regime during our experiments, far away from the contact 
regime between the two electrodes. Therefore, we can safely rule out an influence of the direct 
interaction between tip and surface onto the spectral evolution of the measured tunneling spectra.  
In the work of Limot et al. [4], the effect of different tip work functions Φtip on the energetic position of 
the surface state peak vs. tip displacement has been considered and found to be significant. For our 
measurements presented in Fig. 2, a La-coated Pt/Ir tip (Φtip = 3.5 eV [19]) has been used to keep the 
difference in work function between STM tip and sample as low as possible. For comparison, we have 
performed additional tunneling spectroscopy measurements with an uncoated Pt/Ir tip (Φtip = 5.5 eV 
[20]) and a Cr tip (Φtip = 4.5 eV [19]). As shown in Fig. 3(a) and 3(b) the Stark effect on the surface 
state peak results in a very similar shift towards lower energy and a broadening of the peak with 
increasing tunneling current when measuring with these two other types of STM tips. Fig. 3(c) shows 
the surface state peak position vs. tip displacement for all three series of tunneling spectroscopy 
measurements performed with the three different STM tips mentioned above. Although the tunneling 
current range is smaller (1 nA – 1000 nA) for the measurement series with the Cr- and Pt/Ir-tip in 
comparison to the measurement series with the La-coated tip (0.1 nA – 8000 nA), the different data sets 
show the same trend despite the strong difference of up to 2.0 eV in the tip work functions (uncoated vs. 
La-coated Pt/Ir tip).  
The observed shift in energy of the Tamm-type surface state of La(0001) can be explained by the Stark 
effect due to the electric field present between tip and sample, similar to the behavior of Shockley-type 
surface states of noble metal (111) surfaces [4, 5]. The major difference lies in the fact that La(0001) 
exhibits an unoccupied instead of an occupied surface state. This means that the direction of the 
tunneling current and the electric field between tip and sample is inverted. However, the results 
presented in Fig. 2 show clearly, that the direction of energy shift for the Tamm-type surface state of 
La(0001) towards lower energies is rather the same compared to the Shockley-type surface state [4]. On 
the other hand, there are several differences between our present study and the earlier reports for noble 
metal (111) surfaces. 
In the work of Limot et al. [4] it is reported that the tunneling current shows an exponential distance 
dependence only until a certain threshold of about 2000 nA. As a reason for that behavior a reversible 
deformation of the STM tip at very small tip-sample distances has been proposed. In contrast, an 
exponential distance dependence of the tunneling current is observed even for the highest set-point 
currents up to 8000 nA in the present experiment, thus no indications for an elastic tip deformation or a 
jump-to-contact between tip and surface have been found (Fig. 2c). 
As can be seen from Fig. 3, different tip work functions (with a difference of up to 2.0 eV) lead to a 
similar distance-dependent behavior of the Tamm-type surface state of La(0001) for all three STM tips 
used. These experimental results are in contrast to the results of the theoretical model calculations for 
the Ag (111) surface state behavior [4]. In their report, the binding energy shift of the Shockley-type 
surface state showed a significant dependency on the work function, resulting even in a positive Stark 
shift. 
While no increase in the FWHM of the surface state peak’s width was observed for Ag(111) [4], our 
experimental results on La(0001) clearly show an increase of the FWHM with decreasing tip-sample 
distance (Fig. 2b). Based on the relation between the FWHM and the surface state’s lifetime, a strong 
decrease of the lifetime upon decreasing the tip-sample distance is evident from our data. The large 
decay rate can be explained by the increased scattering of quasiparticles due to electron-electron and 
electron-phonon interactions under the influence of the local electric field. According to an analysis of 
the quasiparticle interference pattern for the Tamm-type surface state of La(0001) together with the 
surface band structure based on DFT calculations [11, 21], there is an overlap of the surface band with 
the bulk band along the K direction. Although the dominant scattering channel is the intraband 
scattering in the La(0001) surface-state, we expect that the opening of the interband scattering channels 
between surface and bulk band under the influence of a local electric field may be responsible for the 
large decay rate of the quasiparticle excitations on La(0001).  
To explain the observed Stark shifting behavior of surface states as probed by tunneling spectroscopy, 
the STM-tip induced dipole potential at the sample surface might play an important role. Indeed, the 
influence of a surface dipole moment induced by the STM tip on the Stark shift of Au/Fe(100) quantum 
well (QW) states has been reported [22]. By including the induced dipole moment in a 1D potential 
model [4, 23], an additional phase shift of the QW state wave function appears. As a result, larger energy 
shifts for the occupied and unoccupied states were obtained compared to results based on simpler types 
of 1D model calculations. The tip-induced dipole potential was not included in the potential model of 
Limot et al. [4] and might explain the discrepancy between their theoretical and experimental results. 
The studies on QW states [22] revealed a negative Stark shift for unoccupied electronic states, in 
agreement with our results for La(0001) presented here, while the energy shift for occupied states was 
found to be positive, in contrast to the previously reported results for Ag(111) [4]. 
 
4. Conclusion 
In summary, we have studied the Tamm-type surface state of La(0001) by tunneling spectroscopy as a 
function of tunneling current and therefore tip-sample distance. The effect of the increasing electric field 
strength with decreasing tip-sample separation could be observed by a Stark shift of the surface state’s 
energy position in the tunneling spectra. It was found that the surface state peak of La(0001) experiences 
an energetic downshift, similar to the occupied Shockley-type states of noble metal (111) surfaces, with 
increasing electric field strength. Additionally, based on the spectroscopic line-shape analysis, we have 
addressed the dynamics of a Tamm-type surface state for the first time, reflecting a remarkably large 
decay rate of the quasiparticle excitations under the influence of a local electric field. One might expect 
that for occupied and unoccupied surface states, which are probed with an opposite bias voltage polarity 
in tunneling spectroscopy and therefore a different direction of the local electric field, the Stark shift of 
the surface state peaks corresponding to occupied and unoccupied states might change its direction in 
energy as well. However, this is obviously not the case. Moreover, we find a negligible dependence of 
the chosen STM tip material on the measured data of the surface state peak position vs. tip-sample 
displacement in our experiment, meaning that the effect of tip work function and therefore contact 
potential differences is negligible as well. Since we found a pure exponential behavior of the tunneling 
current as a function of tip displacement, we believe that our results are characteristic for the tunneling 
regime and not influenced by other spurious effects originating from elastic tip deformations or jump-
to-contact behavior. However, further theoretical studies based on first-principles electronic structure 
calculations are needed in order to understand the Stark shifting behavior of the unoccupied La(0001) 
surface state quantitatively. 
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Figure 1 
 
 
Figure 1. Schematics of distance-dependent tunneling spectroscopic experiments on La(0001). (a) 
Energy diagram of the tunnel junction. The unoccupied surface state of La(0001) is probed with a 
positive sample bias voltage, resulting in electron tunneling from the STM tip to the sample (thick arrow). 
EF denotes the Fermi energy, while ΦT and ΦS are the work functions of tip and sample. (b) Spatial 
diagram of the tunnel junction. The local electric field is pointing from the sample towards the STM tip. 
(c) At a higher set-point tunneling current the tip-surface distance decreases while the electric field 
strength increases.  
  
Figure 2 
 
Figure 2. Spectral evolution of the Tamm-type surface state of La(0001) depending on the 
stabilization current. (a) dI/dV spectra showing the Tamm-type surface state of La(0001) as resonance 
peaks and its evolution with increasing stabilization current (IT = 0.1 nA – 8000 nA, VS = -300 meV). 
The black marks represent the energy position of each surface state peak maximum. The signature of 
the superconducting gap of La can be seen around zero energy. (b) Surface state peak positions (E0, 
black) and FWHM of each peak (red) plotted as a function of the tunneling current. (c) FWHM plotted 
against the surface state peak positions (E0). A linear fit of the data points with a slope of 2.14 is 
presented in red.  (d) Semi-logarithmic plot of the tunneling current vs. tip displacement. A linear 
dependence of the tunneling current on a logarithmic scale, implying a characteristic exponential 
behavior of the tunneling current with tip displacement, is observed for the whole range of currents (0.1 
nA – 8000 nA). Zero displacement is corresponding to the initial position of the tip relative to the surface 
for IT = 0.1 nA. Negative displacements at higher tunneling currents correspond to a tip movement 
toward the surface.  
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Figure 3. Surface state behavior of La(0001) as a function of tunneling current as measured with 
a Cr- and PtIr tip. (a) dI/dV spectra of the La(0001) surface as measured with a Cr tip (IT = 1 
nA – 1000 nA, VS = 400 meV), normalized at -200 meV. (b) Similar set of dI/dV spectra as measured 
with a Pt/Ir tip (IT = 1 nA – 1000 nA, VS = 600 meV), normalized at -200 meV. (c) Surface state peak 
position (E0) vs. tip displacement derived from the tunneling spectra measured with three different tips. 
The four data points corresponding to measurements with Cr- and PtIr tips were extracted from the four 
dI/dV spectra presented in (a) and (b), respectively. For comparison, the four points representing data 
obtained with a La-coated tip are derived from Fig. 2.  
 
